The stability of interfaces between polymethyl methacrylate (PMMA) and titanium (Ti) are tested in a Ringer solution that is an aggressive medium usually used for biomaterial evaluation. The devices are PMMA-grafted/Ti elaborated via a "grafting-from" method involving three steps, the alkali activation of Ti sheets, their functionalization with an initiator of polymerization through a phosphonate anchoring group and the growth of PMMA brushes. Electrochemical characterizations demonstrate that the stability of the PMMA-grafted/Ti interface in biological medium is satisfactory and that the grafting of PMMA is even acting as a protective barrier for titanium. Indeed, PMMA-grafted/Ti remains passive in Ringer solution until at least +3 V/SCE (saturated calomel electrode), even under inflammatory conditions, while localized corrosion was measured on as-received titanium in similar conditions. This protecting role is attributed to the grafted interface, since spin-coated PMMA does not decrease the corrosion sensitivity of titanium.
Introduction
Biomaterials implanted in the body should have a few essential properties among them an excellent biocompatibility, a high corrosion resistance and suitable mechanical properties [1] . REF Titanium (Ti) meets most of the criteria required for biomedical applications, and it is extensively used. However, the differences of mechanical properties between Ti and the surrounding tissues, in particular for cranioplasty and mandible surgery, lead to stress shielding.
Three-layered sandwich Ti-polymer-Ti structures are well adapted to overcome this effect. Indeed, the design of mechanical properties close to those of bones [2] can be performed by adjusting the thicknesses of the partners (Ti skin and polymethyl methacrylate (PMMA) core) following the rule of mixtures. For example, the Young's modulus of the Ti/PMMA/Ti sandwich with a thickness ratio 1:1.25 (Ti: PMMA foil) has a value of (51 ± 3) GPa, significantly lower than that of pure Ti and in the same order of magnitude as that of bones [3] . For non-biological applications, the bonding between metal and polymer is generally achieved using a (cytotoxic) epoxy resin [4] . In our previous investigations [5] , we designed innovative epoxy resin-free sandwich materials. Ti and the polymers used for biomedical applications such as poly(methylmethacrylate) (PMMA) were explored. The elaboration of three-layered biocompatible sandwich structures composed of Ti and polymer sheets (Ti/PMMA/Ti, denoted SMs) with a resin-free bonding interlayer via a grafting of the polymer onto Ti was successfully carried out [5] . To this purpose, a "grafting-from" method [6] involving three steps based on a suitable functionalization of the Ti surface was developed. PMMA coated-Ti substrates was fabricated following (1) the alkali activation of Ti sheets, (2) their functionalization with an initiator of polymerization through a phosphonate anchoring group and (3) the growth of PMMA brushes via a controlled atom transfer radical polymerization (ARTP) [7] . The PMMA grafted from surface initiated-Ti constitutes the adhesive composite nanometric layer attaching Ti with a PMMA core. Although Ti and PMMA taken alone, claimed to have high corrosion resistance, the corrosion resistance of the sandwich has to be evaluated. The interface durability in corrosive media may have a major impact on further possible delamination, and thus on the development of such devices in prosthesis applications.
In the literature, various solutions are used to study the stability of materials for biomedical applications [8] [9] [10] [11] : simulated body fluid (SBF), phosphate buffered saline (PBS) and Dulbecco's phosphate buffered saline (DPBS) solutions, Hank and Hank's balanced salt (HBSS) solutions, Ringer's solution, artificial saliva, 0.9 % NaCl. Since these solutions contain different types and concentrations of ions, a comparison from one study to another is difficult to establish. Nevertheless, it seems that the Ringer solution is the most aggressive solution for implant materials while 0.9 % NaCl is the least [12, 13] . The temperature is generally maintained at 37 °C to simulate the body temperature and the pH is often adjusted to 7.4 to mimic body pH in normal conditions. However, the body pH is not constant during life, and can take lower values in case of a surgery or an infection. In addition, the implantation of an orthopaedic device can lead to inflammation. Inflammatory cells release oxygen species, create local acidic pH (down to [3] [4] and lead to H 2 O 2 formation and prosthesis damages. The corrosion tests are generally performed in the following conditions to mimic this situation that can exist during an implant life, and to evaluate the stability of a biomaterial under such aggressive conditions: (a) the solution pH can be decreased (3.36 [14] ; 3.5 or 5.5 [12] ); (b) H 2 O 2 can be added to the solution (10 or 30 mM H 2 O 2 [15] ; 100 mM H 2 O 2 at pH 7.4 [16] ), or (c) the solution pH can be decreased and H 2 O 2 can be added to the solution (150 mM H 2 O 2 at pH 5 [17, 18] ) to be the most aggressive. It was demonstrated that Inox 316L/silane/parylene material is stable in Hank's solution, but that the coating is damaged in presence of H 2 O 2 i.e. under inflammation [16] .
Electrochemical techniques, in particular, potential monitoring and polarisation curves, are commonly used to study the corrosion behaviour of biomaterials. However, the experimental conditions largely depend on the material to study. For Ti-based materials, which are generally rather stable in biological fluids, wide potential window should be preferred for polarisation curves to take the titanium out of its passive range. In addition, electrochemical impedance spectroscopy (EIS) is a powerful technique to study the stability of an interface or the corrosion properties of coating layers. It was for example used to study the behaviour of Ti with polypyrrole coating with and without torularhodin in biological medium [19] , as well as the effect of TiO 2 -based coatings on Ti alloys in Ringer solution [20] and phosphate buffered saline solution [21] . It was reported that TiO 2 -coating improves the biocompatibility of Ti-based materials without affecting significantly their corrosion resistance [20] [21] [22] .
The present manuscript deals with the evaluation of the strength and durability in biological medium of the covalent bound between titanium (Ti) and PMMA in PMMA/Ti hybrid sheets. The PMMA/Ti sheets labelled PMMA-grafted Ti are designed by using an ATRP method according to our previous works and in view of biomedical applications [5] . To study the stability of this interface, we present here the electrochemical behaviour of the PMMA-grafted Ti under corrosive media compared to as-received Ti and another type of Ti/PMMA interface prepared by spin-coating. In the electrochemical bath, the samples were submitted to an out of balance corrosion by polarizing the electrode of interest. Such measurements allow to rapidly knowing if the system is stable in the medium. The electrochemical results were completed by ex situ characterization to evaluate potential surface degradation. The medium chosen for the study was the Ringer solution as it was reported to be more corrosive than the Hank solution, phosphate buffered saline (PBS), 0.9 % NaCl or simulated body fluid (SBF) [12, 13] . In other words, if a material is stable in Ringer solution, it should also be stable in other biological medium.
Experimental

Materials and chemicals
Commercially pure, grade 2 titanium sheets were purchased from Titanium-Services France. The 2-bromo-2-methylpropionic acid 11-phosphonoundecyl ester SI-ATRP initiator (C 11 -initator) was synthesized as previously described [23] . Methyl methacrylate purchased from Aldrich was filtrated over basic alumine prior to use in order to remove the stabilizer. CuBr, PMDETA, anisole and malononitrile were purchased respectively from Aldrich and TCI and used as received.
Titanium substrate preparation
Ti samples of 20 × 20 mm 2 (labelled as-received Ti) were used as is after cleaning in ultrasonic baths of acetone, ethanol and distilled H 2 O (10 min each). Ti samples were suspended with Teflon ® tape in a magnetically stirred 2 M NaOH solution at 80 °C for 1 h. The samples were then washed with distilled H 2 O and gently dried with an air stream.
Grafted sample
Ti samples were immersed in 0.5 mM C 11 initiator at 100 °C for 3 h. They were then rinsed with distilled H 2 O, dichloromethane and subjected to ultrasonic cleaning in CH 2 Cl 2 for 10 min.
Growth of PMMA chains from the initiator-bearing Ti substrates was done by SI-ATRP [24] . The initiatormodified samples were suspended in a flask equipped with a magnetic bar, which was then degassed three times (by alternating vacuum and argon) and finally filled with argon. Reagents were then added to the flask according to the following order and concentrations: 
Spin-coated sample
A coating of a Ti sheet with a PMMA layer was performed using a SPIN150 apparatus. For that, a PMMA sample from Aldrich (Mn = 996 000) was dissolved in anisole (8 wt.%). A Ti sheet was rotated at a speed of 4000 rpm and 100 μl of PMMA solution was deposited on it, drop to drop. The Ti sheet was then heated up to 170 °C to eliminate the solvent. This sample was labelled PMMA-spin coated/Ti.
Characterization techniques
The reactions were followed by attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) using a PerkinElmer spectrometer. The surface morphology and the titanium/PMMA interface were investigated by using a Zeiss GeminiSEM 500 SEM fitted with an EDX system from EDAX (Octane Elite SDD detector + TEAM software). The samples were cut with a metallographic saw and an edge from the back side was polished with a 25° bevel (SiC P1000 paper) to reduce the Ti thickness for polishing with the ion beam. The cross polishing was then performed from the back side (6 keV, Ar). By this way, the PMMA was protected by the Ti itself and very few exposed to the ion beam. The stability of Ti/polymer interface was studied using electrochemical techniques. Square sheets of 20 × 20 mm 2 in size were used to design discs to be placed in a sample holder with a rubber seal. The surface area exposed to the electrolyte was 0.64 cm 2 . The sample surfaces were neither polished nor cleaned prior to the electrochemical experiments.
The experiments were performed in a 3-electrode cell, the working electrode made of the Ti-based disc, a platinum counter electrode and a saturated calomel electrode (SCE) placed in an extension as reference electrode. All potentials were quoted with respect to this reference electrode. The electrolyte was a commercial Ringer solution (Macropharma) which composition was given in Table 1 . The initial pH was around 6 and adjusted only for mimicking inflammation conditions, (see after). The temperature was adjusted at 37 °C (the body temperature) using a thermostat bath. The solution was deaerated through continuous nitrogen bubbling.
To evaluate the corrosion resistance under inflammatory conditions, some measurements were also performed in a Ringer solution with addition of 150 mM H 2 O 2 and adjustment of the pH to 3.5 using HCl acid. This medium was chosen based on the literature search mentioned in the introduction to get the most aggressive conditions.
The measurements were performed as follows: first, the open circuit potential (OCP) of the electrode was monitored for several hours to study the behaviour regarding natural corrosion in the medium. When the potential was stabilized, polarization curves were recorded to appreciate the behaviour regarding forced corrosion. The scan rate was rather low (1 mV/s), and the potential window was [−0.05 V vs. OCP; +3 V vs. SCE; −0.7 V vs. SCE; 0 V vs. OCP], as identified in a preliminary study to investigate localized corrosion while minimizing electrolyte decomposition. The polarization was started slightly below the OCP to determine the corrosion potential (E corr ) and the polarization resistance (R p ).
In a second set of experiments, the interfacial properties were investigated by electrochemical impedance spectroscopy (EIS). The EIS measurements were performed at open circuit potential with a perturbation of 20 mV in a frequency range of [100 kHz to 10 mHz]. These conditions were chosen based on a bibliographic search and on preliminary tests. Ten points were measured per decade to be able to perform data fitting. After the potential stabilization, the EIS response was recorded to determine the initial properties of the electrolyte-electrode interface. Then, EIS measurements were performed every 24 h during 5 days in order to determine their evolution over time. A polarization curve was measured the 5 th day to evaluate if the corrosion resistance is affected by the immersion time. All experiments were performed in a Faraday cage to avoid electromagnetic interferences, and three different samples were investigated for each configuration to determine the mean corrosion parameters and their reproducibility.
After electrochemical measurements, the tested samples were rinsed with distilled water, and examined using binocular loupe until a magnification of x63 to identify the effect of the polarization on the electrode morphology. Representative electrodes were also characterized after electrochemical tests using a LEO 1455VP scanning electron microscopy coupled with Energy Dispersive X-ray (SEM/EDX) spectroscopy.
Results
The polymer adhesion is achieved by grafting PMMA chains using a surface-initiated atom transfer radical polymerization (SI-ATRP) [25] with phosphonic acid derivatives as coupling agents and malononitrile as polymerization activator [26, 27] . The polymer covers the entire Ti surface as shown in Fig. 2a . The polymer surface is irregular and exhibits bumps and cavities. The irregularities are visible on the cross section (Fig. 2c ). The PMMA layer was grown according to the process described previously by Reggente et al. [5] . Using this methodology, the PMMA layer could reach a thickness up to 500 nm (Fig. 2c) . The sodium titanate porous layer resulting from the alkali treatment of Ti is clearly visible (Fig. 2b) . The polymer is bound and embedded into the cavities of the titanate. On the contrary, the spin-coated sample consists in a layer of PMMA chains deposited onto the Ti surface. No covalent bonds exist between Ti and PMMA.
FTIR spectra of the obtained surface confined PMMA chains (red curve) and synthesized PMMA powders (black curve) are shown in Fig. 3 . They both contain the carbonyl group peak (C=O) and the α-methyl group vibrations (α-CH 3 ) signal, confirming that the PMMA layer was successfully grown. More in detail, the spectrum of the PMMA chains reveals the presence of three peaks in the 2800-3000 cm −1 region: the characteristic peaks at 2924 cm −1 and 2852 cm −1 proper of asymmetric and symmetric stretching vibrations of the methylene groups (CH 2 ) and the broad band corresponding to the methyl asymmetric stretch ν as (CH 3 ) at 2960 cm −1 . The sharp peak at 1730 cm −1 is assigned to the carbonyl group stretching [28] . Whereas, the two bands at 1382 cm −1 and 747 cm −1 are attributed to the α-methyl group vibrations.
Stability in corrosive media
To evaluate the stability of the covalent bound between titanium (Ti) and PMMA, three types of material were studied: -as-received Ti (A in Fig. 1) , -PMMA-grafted/Ti (B in Fig. 1 ; ≈1 μm-thick polymer), -PMMA-spin-coated Ti.
The corresponding polarization curves are displayed in Fig. 4 . The characteristic values are the corrosion potential (i.e. the potential of the material in the medium in the absence of impressed current), the polarization resistance (i.e. the slope at the corrosion potential), the "depassivation" (and "repassivation") potentials taken at a current density of 10 μA/cm 2 at increasing (or decreasing) potentials. The passivation window is the difference between the depassivation and corrosion potentials (Fig. 4) . First, it should be noticed that the corrosion potentials are comparable whatever the sample (as-received Ti, or PMMA-grafted/Ti) or the synthesis process (ATRP procedure or spin-coating).
The polarization curves show that, as expected, the as-received Ti is passive over a large potential window, displaying a polarization resistance of ca. 300 kΩ · cm 2 and reaching significate currents only around +1.2 V/ SCE. This increase of current may be attributed to a beginning of localized corrosion on the Ti surface, or to a modification of the oxide layer. It is called hereafter "depassivation", maybe abusively but for simplification of the comparison of the stability of various configurations. The backward curve also demonstrates that the titanium is able to repassivate in the Ringer solution. In other words, it is able to protect itself after depassivation.
Concerning the PMMA-grafted/Ti, (a) the polarization resistance is 100 times higher, meaning that the resistance to uniform corrosion is even better than for Ti, and (b) the current densities are negligible until 3 V/SCE at least. This demonstrates a passive behaviour without any localized corrosion phenomena in the studied potential window. Therefore, the grafted PMMA is acting as a protecting layer for titanium. Although the corrosion potential of spin-coated PMMA/Ti is close to that of the PMMA-grafted/Ti, differences can be distinguished concerning their behaviour under polarization. Indeed, the localized corrosion starts much earlier for the spin-coated PMMA/Ti than for the PMMA-grafted/Ti, and the behaviour of the former is very close to that of as-received Ti in terms of polarization resistance, current densities and passivation window. Thus, the spin-coated PMMA does not act as a protecting layer as the grafted PMMA does.
Additional electrochemical measurements on initiator-containing functionalized Ti (before polymerization) confirmed that the protective role observed on PMMA-grafted Ti is attributed to the covalent bound between the Ti substrate and the PMMA layer.
The surface of samples was observed using SEM/EDX analyses after polarisation. No alterations of the surface were observed by SEM for all the samples (Fig. 5) . Only Na and Cl traces coming from the electrolyte were detected. In particular, the heterogeneous distribution of PMMA over the surface remained unchanged for all the samples.
Time evolution of the electrochemical properties
In order to study the long-term behaviour in corrosive media, the corrosion potential was monitored during several days. A significant potential variation was observed during the very first hours, suggesting an adaptation of the material to the medium (Fig. 6 ). For the following days, and for both as-received Ti and PMMA-grafted Ti electrodes, the potential is rather stable, showing that no degradation occurred. After 5 dipping days, a difference of only few millivolts is observed between the different electrodes. For PMMA-grafted/Ti, the depassivation potential is above 3 V, as the set polarisation potential limit was reached without significant current increase.
To characterize the properties of the electrode-solution interface, electrochemical impedance spectroscopy (EIS) was performed at corrosion potential for the different electrode type after few dipping hours (Fig. 7) . These measurements clearly demonstrate differences according to the sample interface: the initial impedance of the PMMA-grafted/Ti is significantly higher than that of as-received Ti. This demonstrates the impact of the PMMA layer on the EIS response. The interface type is also playing a role, since the spin-coated PMMA/Ti has much smaller impedance than the PMMA-grafted/Ti one.
Based on the obtained results and on the cross-section analysis (Fig. 2) , and with support of the literature [29] , the following equivalent circuit was found to be physically relevant to represent the EIS data (Fig. 8 ). R s is b a d c the resistance of the Ringer solution, measured at high frequencies, and identical for all tested electrodes. R 1 and CPE 1 are the resistance and the capacity of the PMMA layer, when present (i.e. for PMMA-grafted Ti and for PMMA spin-coated Ti). Their values are dependent on the thickness and quality of the polymer layer. For as-received Ti, R 1 and CPE 1 do not exist, as observed from the shape of the corresponding Nyquist spectrum. R 2 and CPE 2 are the resistance and the capacity of the interlayer between the Ti substrate and the PMMA layer. They take significantly different values for the grafted interface compared to the spin-coated one, as shown by the shape of the corresponding Nyquist spectra. In the case of as-received Ti, R 2 and CPE 2 correspond to the titanium oxide layer, naturally present on the titanium surface. Finally, R ct , CPE dl and W are the charge transfer resistance, the double layer capacity and the Warburg element (representing diffusion processes), respectively. It should be noted that constant phase element, rather than capacity, is used to represent the heterogeneities of the surface. While the EIS data of as-received Ti could be fitted with this circuit with a reasonable reproducibility and physically relevant parameter values, it was difficult to extract reproducible and reliable values for PMMA-containing samples. The lack of reproducibility may be attributed to differences from one sample to another, such as polymer layer thickness and compactness, or properties of the covalent bonds. The evolution of these interfacial properties was then measured every day by EIS measurement. We therefore observed, on one hand, that the EIS response of as-received Ti was not significantly affected by the For PMMA-grafted/Ti, the depassivation potential is above 3 V, as the set polarisation potential limit was reached without significant current increase.
dipping time, showing the great stability of this material in the medium. On the other hand, the EIS response of PMMA-grafted/Ti is affected by dipping duration (Fig. 9 ). Indeed, the impedance decreases significantly after 1 day, being however still higher than that of as-received Ti. It may be due to the swelling of PMMA when placed in the solution. The EIS response was less affected by further dipping. Nevertheless, the modifications of the interfacial properties raise the question of the protecting role of PMMA-grafted/Ti at longer term and was further investigated.
To study the dipping effect on the corrosion resistance, polarization curves were drawn after 5 days EIS measurements (Fig. 10) .
This shows that, despite EIS changes, the dipping of PMMA-grafted/Ti for several days does not affect the covalent bond stability and the protective role of the grafted PMMA toward Ti. Indeed, no activity could be measured in the studied potential window after 5 dipping days, the measured currents as well as the polarization resistance being identical to those before dipping. Thus, the impedance decrease was not attributed to an alteration of the Ti-PMMA bond quality, but rather to a modification of the PMMA layer (e.g. swelling).
Besides, for as-received Ti, higher currents after depassivation and lower potential of repassivation were measured after 5 days in solution, suggesting a slightly lower stability in the medium, despite absence of EIS changes.
Since changes (EIS response of PMMA-grafted/Ti over time, Ti behaviour under polarization after dipping) were observed, the electrodes were examined after long-term measurements, but no effect of the dipping or the polarization could be observed.
Besides, the pH of the solution was measured before and after the 5 days measurement. A pH increase from 6 to ca. 6.4 was observed for all electrodes. This cannot be solely explained by electrolyte decomposition under polarization (as the pH variation after polarisation only was less than 0.1), but is more likely due to a reaction at the electrode surface (release of alkaline species) and/or of the solution (e.g. concentration changes) during longer dipping.
Simulated inflammation
To mimic the conditions of the implant in a human body, an inflammation was simulated by addition of 150 mM H 2 O 2 at pH 3.5 and electrochemical measurements were performed (Fig. 11 ). In this medium, the passivation window of titanium is shorter than in not-buffered Ringer solution, with a lower depassivation potential and higher current densities. However, the behaviour of PMMA-grafted/Ti under polarization was not significantly affected by the inflammatory conditions. In particular, it still has a protective role toward Ti despite the aggressive conditions. Fig. 11 : Polarization curves in logarithmic scale of as-received Ti and PMMA-grafted/Ti before and after adding 150 mM H 2 O 2 at pH 3.5. Characteristic potential values (corrosion potential, depassivation potential, passivation window and repassivation potential) extracted from the polarisation curves for each type of sample. Error bars represent the dispersion of the experimental values. For PMMA-grafted/Ti, the depassivation potential is above 3 V, as the set polarisation potential limit was reached without significant current increase.
In agreement with the stability observed through electrochemical measurements, no surface alteration was observed though SEM analysis on the electrodes polarised under simulated inflammatory conditions (Fig. 12 ). This means that neither H 2 O 2 nor acid species deteriorate the PMMA-grafted/Ti layer.
Conclusions
The interface stability of a new biomaterial candidate, the PMMA-grafted/Ti sandwich, was evaluated through electrochemical measurements, supported by material characterization.
It was demonstrated that the stability of the PMMA-grafted/Ti interface in biological medium is satisfactory and that the grafting of PMMA is even acting as a protective barrier for titanium. Indeed, PMMA-grafted/ Ti remains passive in Ringer solution until at least +3 V/SCE, even under inflammatory conditions, while localized corrosion was measured on as-received Ti in similar conditions. This protecting role is attributed to the grafted interface, since spin-coated PMMA does not decrease the corrosion sensitivity of Ti.
The absence of corrosion on the PMMA-grafted/Ti was confirmed by ex situ SEM analysis, and no change of the polymer morphology could be detected. Also, although EIS study suggests a modification of the interfacial properties over time, the resistance toward polarization, and thus the quality of the covalent bond, is not affected by dipping for several days.
However, an increase of the solution pH suggests that reactions are indeed occurring during dipping. The origin of this has to be identified, as it may reflect the release of species by the material in the solution, which may be detrimental in human body. For this purpose, further dipping tests will be performed for longer duration (several months) on the Ti/PMMA/Ti sandwiches, followed by material characterization and analysis of the dipping solution. a b Fig. 12 : SEM image of PMMA-grafted/Ti (a) before and (b) after polarization under inflammatory conditions.
